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Available online xxxxThe self-assembly of three different generations of hyperbranched polyester-polyol polymers, based on 2,2-bis
(methylol)propionic acid units (H20, H30, and H40 Boltorn®), on carbon electrodes was studied. The physico-
chemical properties of this family of polymers confined on a surface were explored by electrochemical impedance
spectroscopy (EIS) and atomic force microscopy (AFM). Surface pKa of the hyperbranched polymer layers were deter-
mined by impedimetric titration by EIS based on the variation in the charge transfer resistance of the electroactive
redox probe [Fe(CN)6]4−/[Fe(CN)6]3− at different pH. AFM was used to characterize the surface topography and
also its viscoelastic properties by the acquisition of phase images. The relation between structure and acid-base prop-
erties can be explained in terms of a rearrangement of the layer due to the effect of intermolecular hydrogen bonds and
adsorbate-substrate interactions. In this study, we report a powerful, versatile and yet simple procedure for
functionalizing carbon materials surfaces without pre-treatment requirements, which could be useful to generate





The spontaneous adsorption of organic and/or inorganic molecules
onto surfaces has been the focus of intense research due to a wide range
of possible technological applications. The formation of a film over a sur-
face based on self-assembly and physisorption is a particularly useful, sim-
ple, and economical method to modulate the surface reactivity and its
properties [1,2]. Non-covalent interactions between adsorbates and the
surface play an important role in the modification of an electrode. In partic-
ular, surface modification using dendritic molecules as adsorbates offers
significant advantages regarding other polymers [3]. These macromole-
cules present multiple functionalities and valencies, in addition to well-
defined internal cavities that favour the encapsulation of guest molecules,
resulting in a synergistic interaction with the environment [4,5]. The
resulting system usually exhibits novel features, for example, more
functional groups exposed in the surface or reactive sites capable of under-
going chemical reactions [6–9]. The nature of peripheral groups also affects
the interfacial behaviour of the film as a result of different types of
non-covalent interactions, e.g. π-π stacking, hydrogen-bond, and the hydro-
phobic effect. Accordingly, differences in properties, for instance viscosity,
stiffness, or surface nanostructure, could be found [10–12].to GonzalezStrong competitors against dendritic polymers are those named highly
branched polymers or hyperbranched polymers [13]. Thesemolecules, sim-
ilarly to dendrimers exhibit exceptional properties, such as multiple termi-
nal functional groups, specific rheological properties based on their
globular structure, and well-defined internal cavities available to encapsu-
late guest molecules [14]. Nevertheless, the least laborious synthesis of
the hyperbranched polymers [15] has motivated the design of these
dendritic-like structures with numerous promising applications [16–20].
The polymers that change their properties and/or structures in response
to environmental stimuli are promising candidates to modify surfaces
[21,22]. For instance, the change of pH can promote the polymer shrink-
ing/swelling and/or the adsorption/desorption of ions, nanoparticles,
drugs, proteins, antigens, among others [23–26]. Consequently, these pro-
cesses depend on the pKa of the functionalized surfaces, which in turn is de-
termined by the nature of the film immobilized on the surface [22,27]. In
this sense, an accurate determination of pKa is a significant issue to
consider.
The aim of this work was to evaluate the relation between the structure
and acid-base properties of hyperbranched polyester-polyols polymers self-
assembled on carbon surfaces. A comparative study was carried out using
three different generations of hyperbranched polymers, composed of
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tural characterization and the pKa determination of the modified surfaces
were performed by electrochemical impedance spectroscopy (EIS) and
atomic force microscopy (AFM). EIS is a useful sensitive tool for studying
structural changes in themacromolecular arrays and providing an initial as-
sessment of the polymeric film permeability. The pKa values were
established by impedimetric titration assessing the charge transfer behav-
iour of a typical redox probe at different pH. Changes on the charge transfer
resistance (Rct) of an external redox probe can be interpreted by the compe-
tition between intermolecular and intramolecular hydrogen bonding in
the polymer layer, which control the permeation of ions (e.g., ferro-
ferricyanide redox probes) through the film. In this work, we show that
the shrinking/swelling capability of the hyperbranched polymers by an ex-
ternal stimulus, such as pH, allows the environmental information to be ef-
ficiently converted into an electrochemical signal. This singularity could be
applied in the development of simple and smart macromolecular devices
such as sensors or drug delivery systems.
2. Experimental section
2.1. Materials
Hyperbranched polymers Boltorn®H20 (H20), Boltorn®H30 (H30),
and Boltorn®H40 (H40) (see structures in Fig. 1) are manufactured by
Polymer Factory with a theoretical molecular weight of 1749.8, 3607.6,
and 7323.3 g mol−1, respectively. Polymers solutions were prepared in an-
hydrous dimethyl sulfoxide (DMSO). Aqueous solutions of 0.1 M K2HPO4/
KH2PO4 (PBS) at different pH and 2 mM K3[Fe(CN)6]/K4[Fe(CN)6] were
prepared using ultra-purified Milli-Q water (Millipore). All solutions were
prepared immediately prior to their use. All the reagents were of analytical
grade and used without extra purification.Fig. 1. Dependence of the charge transfer resistance (Rct) as a function of the incubat
depicted in the schemes).
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2.2. Glassy carbon electrodes preparation
The 3.0 mm diameter glassy carbon electrodes (GCE) (CH Instruments,
Inc. Austin, TX) were polished with 1, 0.3, and 0.05 μm alumina (Buehler),
and then exhaustively rinsed with water and ethanol before its modifica-
tion. After that, bare electrodes were dried with a N2 flux and incubated
in a DMSO solution containing 25mM of H20, H30, or H40 hyperbranched
polymers, at different times. After incubation, the functionalized surface
was rinsed with copious volumes of ethanol and water and directly
employed in the electrochemical cell.
2.3. Electrochemical measurements
All electrochemical measurements were performed with a CH Instru-
ments Multipurpose Electrochemical Analyser at 25 °C. A single compart-
ment three-electrode cell equipped with a glassy carbon working
electrode (GCE), a platinum wire auxiliary electrode, and a Ag/AgCl/
3.0 M NaCl reference electrode from BAS, was used. All the potentials
were referred to this electrode. Nitrogen gas was employed to deaerate
aqueous solutions previous to their use. The impedance data was evaluated
by non-linear least squares using the Zview® software [28]. An amplitude
perturbation of 10mVwas employed for EIS at frequencies from100 kHz to
0.01 Hz.
2.4. Atomic force microscopy (AFM)
A commercial Nanotec Electronic SPM System with a PLL/dynamic
measurement board operating in tapping mode was employed to acquire
AFM images at room temperature in atmosphere conditions. The
WS×M free software [29] was used to execute acquisition and image pro-
cessing. Budget Sensors All-In-One-Al Multipurpose AFM Cantileversion time for GCE modified with the hyperbranched polymers (polymer structures
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of 80 kHz, a nominal spring constant of 2.7 N/m, and radius of curvature
minor than 10 nm, were used for acquiring the AFM images.
Freshly cleaved highly oriented pyrolytic graphite (HOPG) surfaces
were employed for AFM measurements. These surfaces were prepared by
immersion in DMSO solutions containing 25 mM of H20, H30, or H40.
The surface was subsequently rinsed with abundant volumes of ethanol
and water, dried under nitrogen flux and directly analysed. For statistical
purposes, each sample was analysed in three different areas.
3. Results
3.1. Polymer-layer structure
The adsorption kinetics of H20, H30, and H40 were followed by EIS and
correlated with the AFM information. EIS is a helpful technique to sense the
interfacial properties of surface-adsorbed polymers by exploring the electron
transfer behaviour of an electroactive redox probe between the electrolyte
and the electrode surface. Nyquist plot of the redox probe [Fe(CN)6]4−/
[Fe(CN)6]3− on bare GCE is a straight line at the entire range of frequencies
with a very small semicircle at the high-frequency region indicating a small
charge transfer resistance (Rct) and an almost fully diffusion-controlled pro-
cess [30,31]. The impedance plots can be analysed by applying the nonlinear
least squares fitting to the Randles equivalent electrical circuit, which con-
sider the following parameters: solution resistance (Rs), charge transfer resis-
tance (Rct), double layer capacitance (Cdl), and Warburg resistance (ZW)
[31]. When an electrode is modified with a thin layer, the change in Rct of
the redox probe can be used as a criterion of the film growth. In a previous
work, we showed by cyclic voltammetry that the presence of a H30-layer
on carbon partially inhibits the charge transfer of the redox probe at short in-
cubation times [32]. This was determined by a shift of the anodic and ca-
thodic peaks to more positive and negative potentials, respectively [32]. A
decrease of the coulometric charge up to a totally blocked behaviour was
also observed at incubation periods of ca. 24 h [32].
In order to gain a deeper insight into the growth of the hyperbranched
polymer layers, impedance response of the redox probe [Fe(CN)6]4−/[Fe
(CN)6]3− was evaluated using carbon electrodes modified with H20,
H30, and H40. The electrochemicalmeasurements were performed at incu-
bation times longer than an hour in 0.1 M PBS pH 6.8 (See S1 in the
Supporting Information). The Rct values were determined from theFig. 2. Topographical 3D-AFM images (4000 nm× 4000 nm) of HOPG surfaces incuba
H30, or H40. Below each 3D-AFM image, their corresponding phase (I) and amplitude
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extrapolation of the high frequency capacitive loop to the impedance real
axis. Fig. 1 shows the dependence of Rct as a function of incubation time
for the three highly branched polymers. At long incubation times, Rct ex-
hibits a continuous increase without reaching a plateau, in good agreement
with our previous results [32]. Additionally,Rct increaseswith the dendritic
polymer generation (Fig. 1). The charge transport mechanism involves the
diffusion of redox molecules within the film. This permeable film could
present a suitable chemical environment for diffusion of the redox probe
or contain pinholes where electron-transfer occurs through the movement
of the electroactive ions [33]. We previously reported that the adsorption
of polymers with hydroxyl-terminal groups on carbon surfaces followed a
typical behaviour of an isotherm corresponding to a porous solid that
forms incomplete multilayers due to hydrogen-bond forces between adsor-
bates [32]. Thus, the larger values of Rct for higher generation polymers are
related to the increment of -OH moieties, both on internal and peripheral
sites. Accordingly, hydrogen-bond interactions increase, affecting the com-
pactness and final architecture of the organic layer.
The relationship between the polymer architecture and the film struc-
ture was explored by AFM (Fig. 2). Topographical 3D-AFM images of
H20, H30, and H40 immobilized on HOPG exhibit covered surfaces at
long incubation times (> 18 h). Interestingly, great differences in the rough-
ness depending on the polymer generation were observed. The topograph-
ical data was quantitatively analysed and compared by standard roughness
descriptors such as the root mean square (RMS) of the surfaces, considering
height deviations. The AFM image of H20 presents uniformly dispersed
hills with heights between 100 and 200 nm, and a RMS value of 43 nm. Iso-
lated hills or cluster-like structures with heights around 90 nm and a
slightly smooth surface formed in between by interconnected fibbers are
observed for H30, with an RMS of 13 nm. In a similar way, the AFM
image of H40 shows a flat surface but with the presence of some globular
structures formed by cluster-like agglomerates of 200 nm and, as conse-
quence, the RMS is around 40 nm. In addition, when a background area
is scanned without the higher hills, a decrease in the RMS was observed
(Table 1). It should also be noted that the difference between hills and val-
leys is several times larger than the estimated polymers diameter in good
accordance to the presence of a porous multilayer (see the AFM profiles,
S2, in the Supporting Information). Since RMS values are insufficient to de-
scribe these non-uniform surfaces, other statistical surface texture parame-
ters, like skewness and kurtosis, are used to improve the description of the
waviness at large-scale and the pitted surface at short-scale [34].ted overnight at room temperature in a DMSO solution containing 25 mM of H20,
(II) images are shown.
Table 1
Root mean squared roughness (RMS), skewness (Rsk), and kurtosis (Rku) values of the different hyperbranched polymer layers.
H20/GCE H30/GCE H40/GCE
4 × 4 μm2 0.5 × 0.5 μm2 (background) 4 × 4 μm2 0.5 × 0.5 μm2 (background) 4 × 4 μm2 0.5 × 0.5 μm2 (background)
RMS (nm) (43.0 ± 0.2) (30 ± 6) (13.0 ± 0.2) (6 ± 1) (40.0 ± 0.2) (6.0 ± 0.5)
Rsk (0.8 ± 0.2) (0.5 ± 0.3) (2.4 ± 0.2) (0.2 ± 0.2) (2.8 ± 0.2) (0.2 ± 0.4)
Rku (4.4 ± 0.2) (2.7 ± 0.6) (13.2 ± 0.2) (3.5 ± 0.8) (12.1 ± 0.2) (4 ± 1)
The values are reported as mean ± standard deviation.
Table 2
Values of kapp of the ferro/ferricyanide redox couple for the three different genera-
tions of Boltorn® polymers immobilized on GCE at different incubation times.
H20/GCE H30/GCE H40/GCE
kapp (×10−3 cm s−1) kapp (×10−3 cm s−1) kapp (×10−3 cm s−1)
1 h (2.8 ± 0.3) (0.43 ± 0.04) (0.92 ± 0.06)
6 h (1.7 ± 0.4) (0.19 ± 0.02) (0.07 ± 0.01)
> 18 h (0.77 ± 0.08) (0.07 ± 0.03) (0.05 ± 0.03)
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metry of a surface profile [35]. A symmetric distribution should have skew-
ness values near zero, whichmeans that it presents evenly distributed peaks
and valleys in height. Whereas surfaces with more valleys than peaks have
negative asymmetry values [35]. In contrast, surfaces withmore peaks than
valleys are characterized by positive asymmetry values [35]. Surface kurto-
sis (Rku) is a measure of the spikiness of the surface, or the distribution of
spikes above and below the mean line, with a value of 3 for a normal distri-
bution. For Rku > 3 the surface is dominated by sharp peaks, whereas if
Rku < 3 the peaks are bumpy [35]. The roughness Rsk and Rku parameters
for H20, H30, and H40 are listed in Table 1. TheH20 layer is quite symmet-
ric either at short or large scales with Rsk value close to zero. In contrast,
H30 and H40 exhibit positive values of Rsk at large-scales, indicating a
major proportion of hills over the valleys. At short-scales, the roughnessFig. 3.Nyquist plots for the Faradaic impedancemeasurements of themodified H30/GC
for 24 h. The electrochemical measurements were performed in presence of 2 mM (1:1
swelling of the polymer layer when pH decreases.
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decreases rendering a flatter surface with Rsk values close to zero. The Rku
value is around 3 at short-scales for the three systems, and greater than
3 at large-scales, being notorious for H30 and H40 layers as a consequence
of the presence of sharp peaks.
The phase (I) and amplitude (II) images for each polymer surface com-
plement the roughness description (Fig. 2). In phase images, the contrast is
associated with differences in the viscoelastic properties of the surface
[36,37]. A soft cluster-like material with hard (shiny) edges and uniform
characteristics across the entire surface is observed for the H20 layer. On
the contrary, large and harder coalesced surfaces without contrast differ-
ences, with some cluster-shaped isolated and agglomerated structures
with hard glossy edges are observed for H30 and H40 layers, respectively,
all features that suggest surfaces with higher viscoelasticities compared to
H20. The amplitude images show similar topographical information, re-
vealing the map of the slope of each sample and defining the borders of
the structures on the surface. Amplitude images confirm that H20 layers
are formed by quasi-globular/interconnected layers while the polymers of
the Pseudo Generation 3 and 4 exhibit more compact films. All these struc-
tural data point to the H20 layer presenting a greater number of channels
than H30 and H40. In a previous work, we have already described the po-
rous nature of these polymer layers based on adsorption isotherms [32].
Considering that the diffusion of redox probes takes place through the
pores, these results are in good agreement with the EIS data, which show
smaller charge transfer resistance values for H20 in comparison with H30
or H40 layers, even at long incubation times, as it can be observed in Fig. 1.E at pH values from 3 to 8 (The GCE electrode was immersed in 25mMH30 solution
) K3[Fe(CN)6]/K4[Fe(CN)6] in 0.1 M PBS). The scheme to the right represents the
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electrodes can be calculated from EIS data using the following equation
Eq 1 [38]:
Rct ¼ RTn2F2A Ckapp
ð1Þ
where R is the universal gas constant,T is the temperature in Kelvin, F is the
Faraday constant, C* is the bulk concentration of the redox couple, A is the
electrode area (cm2), and n is the number of electrons involved [38].
The apparent electron transfer rate constants of the ferro/ferricyanide
redox couple in aqueous electrolyte, using the electrodesmodifiedwith dif-
ferent polymers and incubation periods, are summarized in Table 2. In all
cases, the kapp values are at least one order of magnitude lower compared
to the bare GCE electrode (12.7 × 10−3 cm s−1). For electrodes modified
with the same polymer, kapp decreases as the incubation time increases. Ad-
ditionally, for long periods of incubation, the kapp decreases almost an order
of magnitude depending on the hyperbranched polymer generation
growth. The architecture of the polymer has a direct effect on the electron
transfer for external redox probes. This suggests that the increment of -OH
moieties and, in consequence, the hydrogen bondings, induces amore com-
pact and cross-linked layer, which is reflected on the kapp value obtained.
The kapp normally depends on various factors such as the structure andmor-
phology of the carbon material [38]. In these systems, it could be related to
the presence of ion channels/pinholes on the polymer layer, where
electron-transfer occurs through the movement of the electroactive ions.
These results evidence the difficulty of the heterogeneous electron transferFig. 4. Titration curves showing changes of Rct upon variation of pH for (I) H20/GCE, (II
from the inflection point of the second derivative plots (shown below) of the correspon
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reaction to take place in dense packed layers of hyperbranched polymers of
Pseudo Generation 3 and 4. It is important to note that these electrochem-
ical results are in concordance with the topological parameters obtained
from AFM measurements.
3.2. Acid-base properties
A better understanding of how the surface responds to the environmen-
tal conditions (pH, temperature) allows the development of surfaces with
controllable properties and/or functionalities. A common method to deter-
mine acid-base properties of the electrodes modified by self-assembled
monolayers (SAM) involves running cyclic voltammograms of the
ferricyanide-ferrocyanide redox probe and measuring the peak current
(ip) for this couple as a function of pH [39]. EIS technique is also used to de-
termine the surface pKa by exploiting the barrier effect arising from the
charged nature of SAM-pendant groups against the electrochemistry of a
redox probe [40]. This last approach has been extended to polymer brushes
regarding the response rate of the chemical and structural changes taking
place inside the brush upon protonation and deprotonation at different
pH values [30,41].
The impedance response of GCE electrodes modified with the
hyperbranched polymers depends on pH (Fig. 3). The Nyquist plot shows
a decrease of the ability of the film to block the diffusion of the redox
probe as the pH diminishes. This result suggests a restructuring of the or-
ganic layer at acidic pH, which would favour the diffusion of the redox
probe towards the electrode. A possible schematic representation of the sys-
tem is shown in Fig. 3. The swelling of the polymeric layer would lead to an) H30/GCE, and (III) H40/GCE electrodes. The apparent pKa values were estimated
ding impedimetric titration curves.
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of ferro/ferricyanide species.
The impedance spectra obtained experimentally was fitted by a Randles
equivalent circuit to obtain the corresponding Rct. The Rct values of the
modified electrodes are two orders higher than the corresponding ones of
the bare electrode, confirming the presence of the polymer films. The Rct
values were plotted as a function of the pH solution in order to obtain the
impedimetric titration curves (Fig. 4). In all cases, the charge transfer resis-
tance increases with an increment in pH. Nevertheless, the changes of Rct
are more pronounced for H30/GCE and H40/GCE, in comparison to
H20/GCE. The values of the apparent surface pKa were calculated from
the second derivative of these curves.
Usually, the pKa of a given compound at a solid-liquid interface is
higher than its solution-phase value, with shifts of ca. 1 pKa unit or less. De-
spite larger shifts of surface pKa values have been reported, such as that of
benzoic acid covalently attached to carbonaceous surfaces [42], the values
determined for the three systems in this work are very different than the ex-
pected pKa values for primary alcohols in bulk solution (pKa > 12) [43]. A
plausible alternative explanation would be attributing the observed pH-
dependence to the swelling behaviour of the polymeric film. For instance,
the swelling of hydrogels composed of cellulose and cellulose nanocrystals
displays a dramatic pH response [44]. The interaction between the cellu-
lose nanocrystals and cellulose chains is mainly due to hydrogen bonds.
The swelling/deswelling is explained in terms of an increase in the ionic
concentration, which in turn gives rise to an osmotic pressure. In this
work, an increase of the interfacial hydrogen ion concentration within the
layer structure leads to the rupture of the H-bonding network and swelling
of the polymers. The interfacial charge transfer resistance for the systems
observed herein would then originate from the pH-induced swelling of
the hyperbranched polymer that results in the formation of ion channels.
In addition, it should be noted that although there is no significant differ-
ence between surface pKa values for H30 and H40 on GCE (pKa = 5.3),
the surface pKa for H20/GCE is ca. 1.3 units higher. This suggests that lat-
eral interactions on the carbon surface, e.g. hydrogen bonds, are responsi-
ble for the observed changes in pKa, reflecting different ionic
permeability of the nanostructured thin polymer layer. Thus, the
self-assembly of highly branched polymer films on GCE allows a facile
construction of nanostructured platforms in which their ionic permeability
can be manipulated in response to pH changes.
4. Conclusions
In the present work, a family of three different generations of
hyperbranched polyester-polyol physisorbed on glassy carbon electrodes
was investigated by EIS and AFM. These self-assembled polymers form a
nanostructured porous layer with multiple peripheral -OH functionalities,
which give the layers a precise tuning of their ionic permeability in response
to two simple control parameters: the hyperbranched polymer pseudo
generation and incubation time. The electrochemistry of [Fe(CN)6]4−/
[Fe(CN)6]3− redox probe was also exploited to determine the pKa of the
nanostructured layers on glassy carbon surfaces. The reorganization of the
polymeric film by changes in the pH value would result in the shrinking/
swelling of the polymers. This means that these pH-responsive polymer in-
terfaces are able to efficiently transduce environmental information into
an electrochemical signal, and this uniqueness could be applied in the pro-
duction of simple and smart macromolecular devices.
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